Background: Stereotactic body radiation therapy (SBRT) is an emerging option for
| INTRODUCTION
Hepatocellular carcinoma (HCC) is a primary liver malignancy often arising from etiologies that cause chronic inflammation and cirrhosis. Its relatively poor prognosis is reflected by its rank as third in cancer mortality worldwide. 1 HCC is a growing problem with tripling incidence in the United States since 1980. 2 Various options are available for treatment, with transplantation or partial hepatectomy being the standard of care. Unfortunately, less than 30% of people are candidates for surgical therapies due to disease extent, location of tumor, and other medical comorbidities. 2, 3 For the majority with inoperable HCC, therapeutic options include radiofrequency ablation (RFA), percutaneous ethanol injection, and arterial embolization treatments: bland, conventional chemoembolization, or radioembolization. These modalities can be limited by various factors including invisibility of tumor on ultrasound, coagulopathy, tumor size, and proximity to structures such as the gallbladder, hepatic hilum, or vasculature. 4 Radiation therapy has not traditionally been considered as a viable option for the treatment of HCC due to the sensitivity of the liver to radiation; however, advances in radiation technique (3D-conformal, intensity-modulated radiation therapy) and delivery (respiratory motion management, image guidance) have resulted in the development of stereotactic body radiation therapy (SBRT). 5 SBRT delivers high-dose ablative radiation to precisely delineated targets with tight conformity and a steep dose falloff in a limited number of treatment sessions. The sparing of the normal liver and other surrounding structures from high doses while delivering significant dose to the tumor results in a safe and effective therapy with limited toxicity. As this technique has evolved, several small prospective studies and single institutional reviews have been published. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] These results show promise in terms of local control and overall survival, especially considering the limited treatment options available for most of the patients receiving SBRT. Despite the success and increased application of SBRT techniques for treating unresectable HCC, there remain important questions about the optimal radiation schema, patient selection, and factors predictive of survival outcome. To help address these questions, we have used the National Cancer Database (NCDB) to analyze the largest cohort of HCC patients receiving SBRT therapy.
| METHODS
This Institutional Review Board (IRB)-approved study surveyed the National Cancer Database (NCDB) to identify HCC patients through utilization of the International Classification of Diseases-Third revision (ICD-3) histology codes, 8170-8175 (HCC) combined with site-specific code, C22.0 (liver). This database, a result of a joint program between the American College of Surgeon (ACS)-Commission on Cancer (COC) and the American Cancer Society, captures a wide variety of clinicopathologic characteristics from registries of more than 1500 CoC-accredited hospitals in the United States and includes approximately 65% of all new liver malignancies.
The final cohort included patients with nonmetastatic HCC, defined as, stage I/II/III disease according to the American Joint Committee on Cancer (AJCC) staging system (7th edition), who received SBRT, as defined by delivery of ≤five fractions of radiation with fractional doses higher than standard palliative regimens consistent with current practices and trends due to insurance reimbursement in the United States. The clinicopathologic variables extracted included patient demographics, AlphaFetoprotein level (AFP), Charlson Comorbidity Index (CCI), tumor size, disease stage, radiation dose, and number of treatments. Biological Effective Dose (BED) was calculated with the following formula 17 :
With n = number of treatment, d = dose per fraction, and α/β ratio of 10 for each case to account for the various fractionation schemes that was used.
Facility case volume was calculated by counting the number of cases associated with each facility ID over the study period and classified as high (>20 cases), moderate (6-20 cases), and low (five or fewer cases). The NCDB records the receipt of chemotherapy, but does not give detailed information about the specific types or delivery methods, so some patients coded as receiving chemotherapy may have actually received transarterial chemoembolization (TACE), which is more common in this population.
Descriptive analysis of the frequency of different fractionation schemas, BED frequencies, and associations with tumor size and survival were performed. Univariate comparisons were made using chi-square, ANOVA, and/or t tests. While all 456 patient data sets were used to characterize the cohort, only the 355 patients with follow-up and status at last known contact were included in the survival analysis. Kaplan-Meier curves and log-rank tests were used to examine survival outcomes, while multivariate Cox proportional hazards model was used to identify predictors of survival. Overall Survival (OS) was calculated from the time of SBRT until the time of death. Hazards ratio (HR) and 95% confidence intervals (CI) were reported for the Cox regression analysis. Alpha was established at 0.05 for all tests and P < 0.05 was considered significant. Statistical analyses were performed using SPSS version 24.0 (IBM Corp, New York, NY).
| RESULTS
A total of 456 patients were found to have received liver SBRT for HCC. The median patient age and tumor size were 62 years (27-90) and 3.2 cm (0. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , respectively. Table 1 shows patient demographics for the whole group as well as divided into groups by BED dose. Most cases were primary lesions, but 21 patient (<5%) had surgical procedure prior to SBRT (partial liver resection in 10 patients and ablation in 11 patients; median time from procedure to SBRT of 93 days) and 132 patients (29%) received some form of chemotherapy prior to SBRT (median time from chemotherapy to SBRT was 73 day). Patients with prior therapy had a longer time from diagnosis to SBRT (prior surgery: median time of 151 days vs 80 days for no prior surgery P = 0.02951; prior chemotherapy: median 131 days vs 72 days for no prior chemotherapy P < 0.001). During the study period from 2004 to 2013, the use of SBRT for liver HCC increased dramatically from four cases in 2004 to 100 cases in 2013. Figure 1 shows the use of SBRT over the study period, the distribution of each dose-fractionation schema, and the distribution of BED. The majority of the treatments in this US-based cohort were delivered with 5-fraction regimens (55% 5-fraction, 39.5% 3-fraction, and 3.9% 4-fraction). The median BED was 100 Gy (22.5-208.0), which corresponded to the most common dose fractionation (50 Gy in 5 fractions) in 23.0%. Other common schemes included 40 Gy in five fractions (BED of 72 Gy) in 15.3%, 48 Gy in three fractions (BED of 124 Gy) in 11.5%, 45 Gy in three fractions (BED of 112.5 Gy) in 6.8%, and 54 Gy in three fractions (BED of 151 Gy) in 4.3%. In comparison to commonly used regimens, patients who received 48 Gy in three fractions had a shorter time interval to SBRT, treatment at high-volume academic facilities, received less chemotherapy, and had better outcomes than patients receiving other common regimens (Table 2 ). Patients treated with three fraction regimens tended to receive higher BED, receive treatment at nonacademic facility, and have a shorter time from diagnosis to SBRT. Various factors contributed to the selection of SBRT doses including stage, tumor size, facility case volume, and the use of chemotherapy.
After a median follow-up was 16 months, a total of 217 (60.9%) patients had died. Patients alive at last encounter had a median follow-up of 31 months compared to the 16 months for patients who died. The median OS after SBRT for the entire cohort was 20.3 months. Long-term survival was observed with 75% of those surviving longer than 3 years alive at last follow-up (range 36.2 to 91.4 months, median 54.25 months). Increasing BED was associated with improved survival. The median and 1-year OS were 15.3 months and 56.6% for BED ≤ 75, 18.3 months and 67.5% for BED > 75 and ≤100, and 37.2 months and 81.4% for BED > 100, P < 0.001. Increasing tumor size also correlated with worse outcome. The median and 1-year OS were 46.5 months and 81.3% for size ≤2 cm, 19.5 months and 70.6 for size >2 cm and ≤4 cm, and 15.1 months and 58.5% for size >4 cm, P < 0.001 ( Figure 2) . BED greater than 100 Gy did not benefit all tumor sizes equally. For tumors greater than 4 cm, there was no improvement with BED greater than 100 Gy, but for tumors ≤4 cm, there was an improvement in overall survival (Figure 2) . On multivariate analysis, low BED, elevated AFP, larger tumor size, increased interval from diagnosis to SBRT, and low facility SBRT volume were associated with worse survival (Table 3 ). There was an inverse relationship between the size of the tumor and the BED in relation to survival. For patients surviving less than 1 year, more than 1 year to 3 years, and more than 3 years, the median tumor size decreased from 3.75 cm to 3.0 cm to 2.7 cm (P < 0.001), while the median BED increased from 92.75 Gy to 100 Gy to 112.5 Gy (P < 0.001), respectively. Correlation between tumor size, BED, and survival is shown in Figure 3 .
| DISCUSSION
Due to improvements in technology and an enriched understanding of the liver's tolerance of radiation, stereotactic radiation body radiation therapy has emerged as a promising treatment for unresectable HCC. There is growing acceptance and application of this technique for managing HCC as shown by the dramatic rise in its use over the study period. Despite the growing availability of liver SBRT, there remains little consensus about the best treatment regimen. 18 This study confirms the wide variation of regimens used in clinical practice and identifies 50 Gy in five fractions as the most common scheme in this cohort of patients treated in the United States, which is also the recommended dose on the currently enrolling RTOG 1112 protocol, if liver constraints can be achieved. The variation in treatment regimens reflects the multiple factors that are considered in determining the dose including the size and location of the lesion, the radiation tolerance of nearby organs, liver health, the amount of liver spared from significant radiation doses, institutional preference, and organ motion managment. 5, 18, 19 Given the variation in doses and fractionation schemes used, all of the doses were converted to Biological Effective Dose (BED) in order to accommodate direct comparisons between different regimens 17 and evaluate the impact of dose and outcome. Correlation between dose, tumor size, and overall survival emerged, which is partially explained by the aforementioned factors as patients with the most favorable factors likely were given higher BED prescriptions. In this cohort, those receiving high BED treatments tended to have It has been over 20 years, since the first clinical experience with SBRT for HCC showed efficacy. 22 This was followed by multiple retrospective and prospective reports further supporting and validating SBRT as a promising option for HCC. [6] [7] [8] [9] [10] [11] [12] 15 ), low facility case volume and increased time interval from diagnosis to receiving SBRT are new and may warrant further study. Since liver SBRT is a relatively new technique, facility volume and provider experience may influence results similar to that of surgical outcomes for complicated oncologic cancers 27, 28 or when intensity-modulated radiation therapy was first introduced for head and neck cancer treatment. 29 Each of these situations requires mastering complicated procedures, understanding complex anatomy, and managing multiple prognostic variables similar to that needed for liver SBRT. It could also reflect better practices for preventing liver toxicity or advanced technology in place at busier centers that could improve SBRT efficacy and safety such as advanced image guidance, established respiratory motion strategies, and MRI simulation. To this point, the Princess Margaret experience showed improved outcomes in patients treated on their second trial, which they attributed to better patient selection, diagnostic imaging, target identification, and radiation planning/ delivery. 6 Additionally, the University of Michigan group reported no local failures using fiducials to enhance image guidance compared to 10% failure rate without fiducials, which further highlights the importance of image guidance and the technical components of SBRT treatment. These factors are developed and enhanced with expertise and experience from F I G U R E 2 Kaplan Meier curves for overall survival: A, Commonly used regimens; B, BED; C, Size; D, Tumors <2 cm; E, Tumors 2 cm to <4 cm; F, Tumors ≥4 cm larger case volumes. A longer time interval from diagnosis to SBRT may be associated with a worse outcome due to tumor growth and invasion leading to more advanced tumors at the time of SBRT, worsening liver function over time, or could reflect failed initial treatments, which could make SBRT more complicated and less efficacious. In the current study, patients with prior therapy had a longer time from diagnosis to SBRT than those without prior therapy. Multiple groups have evaluated the impact of SBRT dose on outcomes with several reporting improved local control with increased dose. 8, 10, 11, 25 Scorsetti et al 10 reported 100%
T A B L E 2 Comparisons between common fractionation schedules
local control for tumors that received a BED dose of >100 Gy vs 52% for those with <100 Gy BED. Likewise Kang et al 8 reported improved 2-year local control (100% vs 87%) and progression-free survival (52.5% vs 17.3%) for BED ≥151 Gy vs <151 Gy. Additionally, Jang et al 25 reported not only improved local control, but also improved overall survival for patients receiving a BED ≥151 Gy compared to lesser dose regimens. To the contrary, several groups found no relationship between dose and outcome. In 13, 15 They speculated that their delivered dose even in the lower dose patients was sufficiently high to achieve local control. 13 In the Princess
Margaret cohort of large advanced tumors, no difference in local control was observed with increased SBRT dose, but most tumors were treated with relatively low BED due to the risk of liver failure (median BED was 57.6 Gy). 6 The current study shows improved outcomes with increasing BED dose, particularly in those who received a >100 Gy BED, but the benefit of high dose was less significant in patients with larger tumors. This could be due to the inability to achieve a high dose in these larger tumors while respecting normal liver constraints, or possibly, from liver related toxicity in those with large tumors inappropriately treated with high doses. There are many challenges in evaluating the role of dose from previous reports including: homogeneous patient populations, only minor differences in evaluated SBRT dose regimens, and small sample sizes. The current study adds to the discussion about dose, because it includes a large patient population with a broad range of SBRT doses and practice patterns. Patient selection likely contributed significantly to the overall survival benefit that was observed. The positive impact of dose on outcomes for unresectable HCC is also supported by several older studies with more traditional extended fractionation. [30] [31] [32] Likely, the true value of escalated dose depends on multiple factors, particularly whether it can be done safely. 5, 33 Efforts to use modern radiation techniques or even newer therapies like proton beam radiation to stay within organ constraints and apply recommendations from predictive models to individually access the risk of liver toxicity with different doses are warranted.
5,33
Several significant limitations of this study relate to its retrospective nature and the available information in the database. The NCDB database does not include information about tumor location, tumor number, Child Pugh status, treatment related toxicity, local control, or cause of death, which are key factors related to liver SBRT. Of these the most critical is the lack of information related to liver function, as this is a key determinant in deciding what dose to use and if SBRT is a safe option for the patient. Using too high of a BED scheme in a patient with poor liver function can result is severe toxicity and even death. 34 Additionally, some elements of the radiation treatment are not reported in the database such as the isodose coverage, maximal/minimal dose, margin expansion, or dose to the organs-at-risk most importantly the liver. As such these results should be considered as exploratory in nature and not evidence to systematically apply higher BED regimens in all cases. Despite these limitations, this study provides insight into current practice patterns and suggests some relationships that may be useful for improving outcomes, and understanding the role of SBRT for unresectable HCC. The development of techniques and strategies to safely deliver high BED regimens may further enhance treatment, while limiting the risk of potential acute side effects and late toxicities. Further study may better elucidate a specific dose threshold for excellent tumor control and low toxicity. In summary, SBRT is an effective option for unresectable HCC and is growing in its use and application in clinical practice. Multiple fractionation schemas are used and several factors including tumor size, stage, and facility volume likely play a role in the selection process. Higher BED treatments may help improve outcomes in properly selected patients, but care must be taken to ensure it can be done without significantly increasing the risk of toxicity. Additional study on factors affecting SBRT outcome and the role of SBRT in treating HCC is warranted.
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